This paper presents further information on the photobiology of light-induced changes both in mRNA abundance and transcriptional activity in barley seedlings. Our hope is that such studies, together with those in our recent paper on greening (7), will provide quantitative information of use in determining at what level or levels phytochrome might be controlling steps in chloroplast development, and the extent to which any such control might limit the greening process per se. Batschauer and Apel (3) recently presented data on the positive regulation of mRNA abundance for LHCP in barley and the negative regulation of mRNA abundance for Pchl-reductase by Pfr. In addition, Mosinger et al. (17, 18 ) studied positive phytochrome regulation of transcription of the LHCP mRNA in in vitro run-on transcription experiments with isolated nuclei, and also negative regulation of transcription of the Pchl-reductase gene. Hence, these two mRNAs were ideal for investigating fluence-response relationships both at the level of mRNA abundance at different times following irradiation and at the transcriptional level. It was our hope that by extending our photobiological knowledge of these systems, we might understand a few more of the complexities underlying phytochrome regulation of chloroplast development. These results have been discussed briefly elsewhere (6).
hybridizable by the reductase probe, but have little effect on mRNA abundance. By contrast, red light treatments in the low fluence range bring about a sharp decrease in reductase mRNA abundance with little further effect on transcription, suggesting light regulation at the level of mRNA stability rather than transcription. The fluence-response relationships for increase in abundance of mRNA for the chlorophyll-binding polypeptides is similar to that published elsewhere for elimination of the lag period of chlorophyll accumulation in barley. However, kinetic studies published elsewhere show that for elimination of the lag in chlorophyll accumulation, the dependence on the far red-absorbing form of phytochrome concentration is significantly different from the dependence of the transcriptional changes, suggesting that inate the lag period in Chl accumulation, as is the case with many other plants (see Briggs et al. [7] for recent references). Fluenceresponse studies both with barley (7) and with pea (Pisum sativum L.) (15) indicate that the response has both LF (5) components, which are FR-reversible, and VLF components, which are not. In both plants, the rate of increase in capacity to accumulate Chl is significantly lower following a VLF treatment than following a LF treatment. This is in contrast to the results of Mosinger et al. (18) who found identical increases in transcriptional capacity for LHCP mRNA in nuclei isolated at any time during the first 1.5 h following either a LF red light treatment or a FR treatment (equivalent to a VLF red treatment).
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MATERIALS AND METHODS
Plant Material. Dry seeds of barley were planted on moist vermiculite and grown for 6 d as described previously (7) . For the present experiments, roughly 150 seeds were planted per small plastic box (5 x 5 x 10 cm) instead of about 75, as was done for the Chl studies (7) . Save for specific light treatments, as mentioned below, plants were at all times kept in complete darkness. At the end of 6 d of growth, the seedlings were between 10 and 14 cm tall.
For mRNA abundance measurements, leaves were harvested in dim green light by cutting just above the coleoptile tips, yielding pieces 5 to 9 cm in length. (By contrast, Mosinger et al. [17, 18] (12) . Poly(A)-containing RNA was subsequently obtained as described by Apel and Kloppstech (1) . RNA dot hybridizations were carried out and quantified as described by Batschauer and Apel (3).
In Vitro Transcription by Isolated Nuclei. In vitro transcription for measurement of total transcription ( Fig. 1, top) , was carried out as described by Mosinger and Schafer (19) . In vitro transcription for measurement of specific transcripts was carried out as described by Mosinger et al. (17) . Details as to numbers of nuclei, specific radioactivity, etc., are as given in these two papers. Subsequent isolation of RNA from the transcription mixture, preparation of plasmid DNA, dot blot hybridization, and quantitation of the results are also as described by Mosinger et al. (18) . In addition to probes for LHCP and Pchl-reductase mRNA species, a probe for cytoplasmic rRNA (11), the barley storage protein hordein (21) , and the vector itself, pBR322, were also included as controls in all hybridizations of transcription products. Since in all cases equal counts were used for hybridization of the various samples, the changes in specific transcripts observed represent relative changes in the abundance of the various RNAs with respect to the total, rather than any absolute increases or decreases.
RESULTS
Fluence-Response Curves, in Vitro Run-on Transcription.
Seedlings were irradidated with fluences between 10-4 and 103
Amol m-2 s-I R, covering all of the VLF range and most of the LF range. Following either 1.5, 3, or 4.5 h darkness, leaves were harvested and weighed, and nuclei prepared as described. Both total RNA (Fig. 1, top) and cytoplasmic rRNA (Fig. 1, bottom) show little response in the VLF range and slight stimulation in the LF range. Though the data show some scatter, they are consistent with the hypothesis that the overall increase in transcription seen might be accounted for largely by an increase in rRNA transcripts. Similar results were obtained at earlier times (not shown).
With nuclei isolated either 3 or 4.5 h after R irradiation and assayed for transcription of LHCP mRNA, a response is detected only in the LF range, with the response being considerably more prominent at 3 than at 4.5 h (Fig. 2, top) . Since Mosinger et al. (18) had shown a strong effect of a saturating pulse of FR on LHCP transcription, the absence of a VLF response in the present case seems surprising. However (18) in that they suggest a small transient response to VLF treatments (Table  I) and a stronger and longer-lasting response to LF treatments (Fig. 2, top) . Log fluence R, ,amol m-2 Figure 2 (top). The curves in Figure 3 (top) show the quantitation of these dot blots and those for leaves harvested 4 The picture for the reductase is somewhat differe'nt. The quantitations for 3 and 4.5 h dark periods are shown'graphically in Figure 3 (bottom). Here, despite the clear reduction seen in the VLF range for reductase transcription (Fig. 2, bottom) , no real change is detected in reductase mRNA abundance. By contrast, the decrease in reductase mRNA abundance in the LF range is relatively enormous-indeed, far more than one could account for simply on the basis of the relatively modest decrease detected Concerning the LHCP itself and the actual accumulation of Chl, one can now address two questions: First, does the effect of Pfr on transcription alone determine LHCP mRNA abundance? And, second, regardless of the answer to the first question, does LHCP mRNA abundance limit Chl accumulation? For the first question, given both fluence-response studies and kinetics, the answer is affirmative-at least in part. Certainly the kinetics of transcriptional change described by Mosinger et al. (18) and roughly confirmed here, together with the fluenceresponse data presented above (Fig. 2, top) yield a fairly consistent picture. The transient VLF response for transcription (Table  I; 18) is followed by a detectable increase in the steady state level of the mRNA (Fig. 3, top) , an increase that persists after the burst of transcriptional activity has subsided. The slight increase in mRNA abundance between 3 and 4.5 h in the VLF range (10-1 mol m-2 -1) (Fig. 3, top Figure 4 . Though there might be a small difference in the VLF thresholds for Chl accumulation and mRNA abundance, the differences are too small to be conclusive. This result is in contrast to that obtained in pea seedlings by Horwitz et al. (15) , where the entire curve for mRNA abundance was shifted down an order of magnitude from that for Chl accumulation. It required 10 times more photons to saturate Chl accumulation than to saturate the increase in mRNA abundance.
The importance of having both kinetic and fluence-response data is shown by comparing the barley results with those from pea. In pea, the kinetics for LHCP mRNA accumulation following LF or VLF treatments are virtually identical with those for potentiation of Chl accumulation. It is the fluence-response data which eliminate a direct causal relationship between increase in the mRNA and increase in the pigment. By contrast, the fluenceresponse studies with barley are not inconsistent with such a causal relationship, and it is the kinetic data which eliminate it.
As discussed previously the kinetics for potentiation of Chl accumulation in response to LF and VLF fluences (7) differ sharply from those for an increase in transcription (18) . During the first 1.5 h following light treatment, the transcriptional change is saturated by FR, whereas Chl accumulation is less than half saturated.
In interpreting the results both with peas (15) (Fig.   2 , bottom) whereas it has no detectable effect on mRNA abundance (Fig. 3, bottom) . LF treatment has only a small effect on transcription (Fig. 2, bottom) but a very large effect on mRNA abundance (Fig. 3, bottom) . In this case, regulation at the level of mRNA stability is not merely permitted by the data, as with reductase situation is very similar to that described for the mRNA for phytochrome itself (20) . In this case, a transcriptional decrease was also inadequate to account for a major decline in mRNA abundance, and an effect of Pfr on mRNA stability was hypothesized.
One must view these conclusions with a certain amount of caution, since, as discussed by several authors (22, 23) one cannot be completely certain that transcriptional activity by isolated nuclei is a true reflection of their transcriptional activity in vivo. In the present system, the situation is exacerbated by the need to macerate the tissue for 2.5 h. As shown elsewhere (7) , however, the 0.7 M mannitol solution used in the maceration treatment strongly inhibits the greening response, and it seems reasonable that normal regulatory responses are probably suspended during maceration, as was the case with tobacco protoplasts (9, 10, 24 
